Most photovoltaic (PV) manufacturers trace their peakwatt rating through calibrations/measurements performed at recognized terrestrial calibration facilities.
INTRODUCTION
The peak-watt rating is a primary indicator of a PV module performance.
The peak power rating is the maximum electrical power that is produced when the PV device is continuously illuminated at standard reporting conditions: 1000 Wm -2 total irradiance under IEC standard 60904-3 reference spectrum, and 25°C cell temperature. Most manufacturers trace their peak-watt rating through calibrations/measurements performed at recognized terrestrial calibration facilities.
Manufacturers typically perform internal inter-comparisons among a set of their modules.
They sometimes have the same module measured at different calibration facilities to determine if there are potential differences in results. These intercomparisons sample the labs' everyday procedures better than a formal inter-comparison due to the level of scrutiny and review.
Laboratories accredited to international standards are required by ISO standard 17025 to demonstrate their proficiency in performing calibrations through periodic inter-comparisons [1] . Typically, these inter-comparisons are limited in the number of participants. The most comprehensive formal inter-comparison of module calibrations was carried out by PTB from 1985 to 1989 [2, 3] . This inter-comparison among national module calibration facilities was known as PEP'87 (Photovoltaic Energy Project) with participants representing the United States, Japan, Italy, and the European Union [2, 3] .
Other countries also participated, but did not perform module calibrations. The PEP'87 inter-comparison included a reference cell, a cell in a module package, and modules all manufactured at the same time.
Two modules of each material-single-junction amorphous-Si, multi-Si, and mono-Si-were circulated without special wires or temperature sensors attached to minimize contacting or temperature-related artifacts. This gave the participants the luxury of having a cell or cell in a module package to measure that had a representative spectral responsivity of the module. Modules submitted for calibration at NREL and other labs almost never have an accompanying cell that has a relative spectral responsivity representative of the module.
The 2005 International Module Inter-comparison sample set was what is typically delivered to a calibration facility-a module right out of the box, right off the line-and, if requested, a "typical" quantum efficiency versus wavelength curve.
The results from the PEP'87 inter-comparison showed a dispersion in the Isc that was around 4% for the mono-Si and multi-Si, and 6% for the a-Si module. The dispersion in Voc was 1.5% for the a-Si modules and 2% to 5% for the monoSi and multi-Si modules. These differences were larger than can be explained by temperature differences because supposedly all data were corrected to 25°C. The dispersion in the FF was around 2%. The differences in FF and Voc were surprising to the participants and could not be satisfactorily explained. This indicates that among various calibration labs around the world, differences of 2% to 5% in Isc and 3% to 8% in Pmax rating can typically be expected.
Another limited inter-comparison among U.S. manufacturers and module calibration labs was hosted by NREL and was conducted between 1992 and 1994 to evaluate ASTM standard E1036 [4] . A packaged cell representative of the module spectral responsivity was included to facilitate spectral responsivity measurements. The module technologies were mono-Si and multi-Si with four wires attached to the module along with a thermocouple bonded to the back of the module to minimize contactingrelated differences.
The dispersion among the four laboratories participating in the ASTM inter-comparison was ~5%. The reported maximum power point (Pmax) for three of the four labs was within 2% of each other for the six modules that were circulated.
The participants for the 2005 Module Inter-comparison were invited to participate based on their designation as a national PV calibration facility, prior participation in intercomparisons, or as an ISO 17025-accredited PV module qualification or certification facility.
Prior to circulation the nonconcentrator modules were mounted outdoors with load resistors and exposed to over 720 kWhrm -2 of sunlight. The samples were then shipped to the different participants in two specially designed shipping containers with little instruction other than to measure the samples as they normally would for any requestor. Each facility had two months to perform their measurements. The results are summarized in the tables below.
COMPARISON OF RESULTS
The results from all the participants for Voc were in very good agreement, with the spread being slightly more than ±2%, as shown in Table 1 . This not only shows good agreement for the voltage measurements, but also, for the measured temperature that was taken at the time of testing.
From Table 2 , the differences in the reported Isc ranged from -2.9% to 2.5% for mono-Si, -2.8% to 2.0% for thin-film Si, -12.9% to 5.8% for a-Si/a-Si:Ge, -3.6% to 2.8% for a-Si/aSi/a-Si:Ge, -3.5% to 1.3% for CdTe, -3.5% to 4.2% for CIS, and -6.2% to 3.2% for the concentrator module. We had fairly good agreement (~±3%) on all the samples, except for a-Si/a-Si:Ge, CIS, and the concentrator module. It is clear that some of the modules had not reached a stable condition even after a 2-to 3-month initial light-soaking. Differences for thin-film modules may also be caused by shipping and the storage conditions in the dark (pre-condition) prior to testing which might affect electrical performance.
The differences in the reported FF (Table 3) ranged from -4.4% to 1.1% for mono-Si, -0.6% to 1.8% for thin-film Si, -6.2% to 6.5% for a-Si/a-Si:Ge, -4.3% to 7.4% for a-Si/aSi/a-Si:Ge, -2.5% to 2.1% for CdTe, -3.6% to 3.9% for CIS, and -1.6% to 1.1% for the concentrator module. The large differences in FF indicate potential problems with the connections going from the measurement system to the module or problems with the samples being spectrally sensitive.
From Table 4 , the differences in the reported Pmax ranged from -4.4% to 3.0% for mono-Si, -3.5% to 1.7% for thin-film Si, -7.8% to 4.1% for a-Si/a-Si:Ge, -8.3% to 8.6% for a-Si/a-Si/a-Si:Ge, -3.4% to 4.7% for CdTe, -4.5% to 7.9% for CIS, and -7.3% to 4.3% for the concentrator module. The differences in the reported power of these samples were relatively large.
CONCLUSIONS
We are in a measurement field that is dealing with constant changes in materials and sizes of modules that are sent for testing. Of the seven sets of modules that were chosen, only two are still currently commercially available. As we had hoped for with this inter-comparison, it exposed many challenges that we must deal with on a daily basis. Two participants used an outdoor measurement technique, and five used solar simulators, with one participant using both. The differences between the reported powers of these samples indicate that there are still many measurement issues that need to be addressed and worked out. Only three participants were able to measure all the samples, and only five participants were able to measure all the flat-plate PV modules. The good agreement on the power of the mono-Si and thin-film Si modules shows that we have a good foundation to build on and that this type of intercomparison needs to be repeated on a regular basis. Time concerns are a major issue with these inter-comparisons due to delay of the results. The initial estimate to complete this inter-comparison in two years was realistic, but with shipping and customs issues, it ended up taking three years. A few of the current participants indicated that they have improved or acquired new equipment and are anxious to see how they now compare. We have also been approached by other measurement facilities with the desire to be included in the next inter-comparison. 
